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Abstract

We describean efficient and scalableparallel /O strateyy for writing out gigabytesof data
generatedhourly in the oceamrmodelsimulationson massiely paralleldistributed-memongarchi-
tectures.Working with Modular OceanModel, usingnetCDFfile system,andimplementecbn
Cray T3E, the stratgy speedaup I/0O by a factor of 50 in the sequentiatase. In parallelcase,
on 32 processorsip to 512 processorspurimplementatiorwritesout mostmodeldynamicfields
of 969 MB to a singlenetCDFfile in 65 secondsindependendf the numberof processorsThe
remap-and-writgarallelstratgy resohesthe memorylimitation problemandrequiresminimal
collectivel/O capabilityof thefile system Severalcritical optimizationsonmemorymanagement
andfile accesarecarriedout, ensuringscalabilityandspeedingip numericalsimulationdueto
theimprovedmemoryorganizations.

1 Introduction

Modeling oceancirculationandits influenceon the global climateis a grandchallengen computa-
tional science.The oceanflow dynamicsandphysicalprocesseswolve a broadrangeof spatialand
temporalscales requiringdecade-longntegrationsat fine resolutions.Recentadvancesn numeri-
cal oceanmodeling[l, 2, 3, 4, 6, 7, 8] hasgreatlyincreasedur understandingf theseprocesses.
State-of-artmassvely parallelsupercomputerprovide gigabytesof memoryandteraflopcomputa-
tionsnecessaryo runthesesimulations.

Therearea numberof critical issuesregardingoceanmodelsimulationson distributed-memory
parallelcomputerssuchasefficiengy in the usageof cache-base@rocessorsload balancedueto
irregularland contoursandbottomtopographyscalabilityof the basicnumericalalgorithms.

In this paper we focuson anothercritical issue,the datal/O in the oceanmodeling. During the
simulations,gigabytesof dataare generatedourly, including snapshot®f the 2D and 3D velocity
fieldsandtracers Effective andefficientl/O stratgly andimplementation$o handlethislargeamount
of /0 in MPP environmentthereforebecomecritical for the productionsimulations.
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Figure 1: Datalayout of the oceanmodelon 4 processorsndicatedby 0, 1, 2, 3. Computations
are carriedout in the latitude-slabdecompositionwherelatitude slabsare split amongtotal P=4
processorsNote that a latitude slab containswords which are not contiguousin outputfile space.
The horizontalslab decompositioron D designategrocessorare usedfor parallell/O, from this
decompositiorentirefields on eachprocessomlre written out in one shotto a contiguousblock in
file space.ThenumberD is flexible: D could be arywherebetweenl andthe numberof vertical
layersNz, dependingon memoryand|l/O channekonsiderationsTypically D is muchsmallerthan
P (althoughin this Figurewe assumeP = D = 4 for simplicity).

The oceanmodelwe studyin this reportis the Modular OceanModel version3 (MOM3) [4, 5]
developedat GeophysicaFluid DynamicsLaboratory(GFDL) whichis athree-dimensionajeneral
ocearcirculationmodel,widely usedin the oceanographicommunityto simulateoceanandocean-
relatedevents.

2 Mode Description

Theoceammodelsolvesthe primitive equationgjoverninglarge scaleocearcirculationwith Boussi-
nesgand hydrostaticapproximationgl, 2, 3]. It usesfinite differenceschemeon the discreteddo-
mains. The dynamicssplit into a barotropicmode,involving depth-aeragedcolumnvelocities(2D
variables)andabaroclinicmode,includingdeviationsfrom barotropicnodeandother3D tracers.It
usesa free surfacformulationwith anexplicit finite differencemethod.

The codesarewritten in Fortran,with about80,000linesin 350 subroutines.Therearea large
numberof physicalparameterizatiooptions. Currentlyit usesa 1-dimensiona(latitudedimension,
seeFigure 1) decompositiorfor both vectorizationon vector architectureand parallelismon MPP
with messag@assing.



3 Memory Organization and Data |/O

A numberof codedeatureanakethedatal/O in theoceammodelcomple. Thecodesuseamemory
window schemeo slicethroughthecompletedatasetstoredn diskfiles. This out-of-corecomputing
modesaresmemoryandallows codesrunningin memory-limitedplatforms,suchasCray T90 and
workstations OntraditionalCrayvectorsupercomputershefiles arestoredon solid statedisk which
is fast,theout-of-coremodeworkswell. Ondistributed-memoryxomputersvhereresidencenemory
is plentyandcanholdtheentiredataset,thememorywindow schemas still keptanddataarecopied
backandforth betweerthe smallmemorywindow andthedisk file which now sitsin memory(called
ramdiskfor this reason).This extensve memorycopyingposesa problemfor writing 3D fields out
efficiently andslows down the computatiorsignificantly

Figurel shawvs the datalayoutfor the oceanmodel. For computationakfficiengy (vectorization)
reasonsgatafields storedin computermemoryareindexed asU(ix,iz,iy), whereix,iy,iz referto lon-
gitude, latitude,anddepth,respectrely. The latitudedimensionis in outerloop for the corvenience
of vectorizationandparallelization.Onthe otherhand,the 3D fields outputfiles requirethe arraysto
beindexed asU(ix,ly,iz), becausenostdataanalysistools dealwith thisindex order Furthermore,
the out-of-coreramdiskfile for implementingmemorywindow hasanotherindexing schemeconve-
nientfor slicing throughdata,but differsfrom the abose two indexing orders. Thesethreedifferent
storageorderscausesomecompleity in dataoutputandalsoslov down the datatransferratesvery
significantly

A further complicationis that MOMS3 usesnetCDFfile system[9] for its datal/O. NetCDFis
self-describingportable,andflexible file system.It canreador write a local block from/to thefile
in asinglecall eventhoughthe dataarenot contiguoudn file space.lts main problemis efficiengy,
andthereis alsolack of someimportantfunctionalityin parallelenvironment.MOMS3 usesanetCDF
wrappemwhichis designedor singleprocessoaccess.

4 Sequential 1/0 with netCDF

We startwith a critical examinationof the snapshotoutinewhich writes out main 3D fieldssuchas
flow velocities,tracers,and 2D fields suchas surfacemomentumandtemperaturesin the existing
codesfor eachof the3D field, thedatais written outonelatitudesliceatatime, as

for iy=1, Ny
wite entire 2D slice Uix,iz,iy) wwth fixed latitude iy
end do

Thenecessaryindex changeto conformto the U(ix,iy,iz) index orderis doneinsidethe netCDFfile
system.Becauseachlatitudesliceis notcontiguousn file spacegseeshadedareain Figurel), each
netCDFwrite is in fact brokeninto Nz smallerwrites. In fact, entireNx x Ny x Nz wordsaresplit
into Ny x Nz writes,eachof lengthNx words. Thusthis modeof I/O is quiteinefficient.



The new 1/0O schemeproceedsasthe following: (1) reshuflesthe datain computermemoryto
the correctindexing order;(2) writesall latitudesin oneshot. This nenv schemeeliminatesthelarge
overheadassociatewvith repeatedlisk accessaindreduceghel/O time dramatically For the 3° x 3°
resolutioncasethewriting time is reducedrom 54 secondgo 1.1 secondsa factorof 50 speedup!

Thisnew sequential/O schemendicategheoverwhelmingadwantageo re-orderthedataoutside
thel/O systenrcalls. Its implicationfor theparallell/O is thatwe shouldreshufle thedatain memory
usingcommunicatiometworkwhich hascommunicatiomandwidthtypically 10timesfasterthanl/O
bandwidth. To do this, the entire datafields mustresidein memory Thatis, anin-corecomputing
modeis necessary

5 In-CoreComputing mode

Thepurposeof addingan“in-core” modeis two-folds: (a) to achiere a singleuniform memoryimage
sothatl/O canproceednuchmoreefficiently asdiscussedbefore;(b) to increase¢he computational
speedy eliminatingredundantiatacopyingbetweermemorywindow andramdisk(the out-of-core
mode). Use of ramdisk simplifies the inter-processolcommunicationon which the initial GFDL
implementations basedupon.

We developanoptionin MOMS3 to let entiredatasets‘in-core”, i.e., essentiallyeliminatesmem-
ory window entirely (in practicalimplementationthis is accomplishedby openingthe memorywin-
dow to themaximumrequiredandeliminatingtheramdiskfile). Now communicatiorof halolatitude
slicesis donedirectly betweerappropriate@lynamicvariablearraysonneighboringprocessorsnstead
of betweerramdiskarrays.

This in-core computingmode speedaup the baroclinic computationby about40%, dueto the
eliminationof redundantlatacopies.Thecommunicatiorimeis alsoreducedsaresultof improved
memoryaccesgthe sizeof communicatedlataremainunchanged)It alsomakesotherl/O simpler
andfasterbecaus@ow onehastheentiredataarraycornvenientlyavailableasthey areupdatedinstead
of storingin theramdiskin a storagdormatdictatedby the dataslicing considerations.

5.1 Optimizations

Severaloptimizationsareperformed.Oneof themis the getunit()/relunit() which arecalledin every
time step: opena file, write a few diagnosticnumbersand closethe file. In sequentiacomput-
ing case,theserepeated‘open/close’file operationsdo not causea large overhead. However, in

parallel environment, as numericalcalculationparts are speededup by a large factor (~50 on 64
processorsiheserepeatedile open/closdogetheremainsconstantime andbecomes significant
overheadForthe3° x 3° resolutioncasepn 16 processorsr more,it exceedsall otherusefulcalcu-
lation/communicatiomombinediogether We correctedhis significantoverheadby insertinga new

“file-open-intenal” to keepthefile openfor mary time stepscloseandreoperthefile atthespecified
interval. This eliminateshe overheadandspeedsup this partby a factorof 55!



5.2 Scaling Analysis

Herewe usea realisticmodel problemcovers0 — 360°E, 77.8°S - ON, with 0.5° x 0.5° resolution
atthe equatorusingisotropicgrid. Themodelhasa grid sizeof 722 x 258 x 40, usingfree surface
formulationwith anexplicit solver. Timing for onesimulatedday (dtts = dtuv = 1800sec,dtsf= 25
sec)is shavn in Figure2. Thein-coreversionof MOM3 runsabout20% fasterthanthe out-of-core
version(initial GFDL implementation)lt alsoscaledetter(seeFigure3), becausef theelimination
of memorywindow andrelateddatatransfers. Here we seesomespeedupoints above the ideal
curwe; thisis dueto theassumptiorof thein-coreversionwith 16 processortasa perfectspeeduyof
16 (the problemsizedoesnotfit in lessprocessors).
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Figure2: Total CPUtime on differentnumberof processor$or 0.5° resolutioncasewith size722 x
258 x 40, with in-coreandout-of-coremodes.Thein-coremodeincludesthe optimizationsdescribed
in thetext.

Baroclinicequationparts, 3D fields,generallyscaleup betterthanthe barotropicequationsolv-
ing (2D fields) asshavn in Figure4. The problemwith barotropicscalingis dueto the small size
messagesquiredin eachiteration.In this 722 x 258 x 40 testcasethefreesurfaceequationsolver
time stepsizeis 72 timessmallerthanthedynamicsan baroclinicpart,i.e., freesurfaceaxplicit solver
is iterated72 timesperdynamictime step.In alargerscale fine resolutionsimulationsthis timestep
sizeratio could increaseto more than 100, the barotropicpart will dominatethe CPU time. The
less-than-goodcalingof barotropicpartwill potentiallycausesererescalingproblemin largerscale
simulations.

Thetimesspenton communicatinglataamongprocessorareshavnin Figure5. Communication
times saturateasnumberof processorincreaseasexpectedfor a 1D domaindecomposition.The
in-coreversionspenddesstime in communicatiorbecausét avoidssomeof thememorycopying.
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Figure3: Speedumf total CPUtime on differentnumberof processor$or 0.5° resolutioncasewith
size722 x 258 x 40, with in-coreandout-of-coremodes.

6 Paralle I/O

Our stratgy for parallell/O on MPPsfocuseson efficiency and portability, at the expenseof extra
softwarestructuresThis stratgy usesafew designated/O processorsThesedesignategbrocessors
resere buffer area,gatherdatafrom othercomputingprocessorsieomganizethemif necessaryand
thenwrite them out as contiguousblocksin parallel. With this approachdatafiles arewritten as
if they areprocessedh sequentiakrnvironment,irrespectof how mary processorsvill accesghem.
This stand-alondile approacthasseveralmajorbenefits:

e It allows the outputdatafiles to be directly analyzedandvisualizedin ary otherworkstation
ernvironmentswithout extrafile corversions.

¢ It makesrestartdesignsimple, sincethe file configurationis independentf the numberof
processors.

e Thisin turn makesit adaptableo a changingenvironment. For example,a modelsimulation
may proceedor sometime on 256 processorsThen,aftera checkpointjt canrestarton 128
processors.

e It is portableto ary otherplatform, sincethis approachusesonly standardile interface with
the only requirementhatmultiple processorgsanwrite contiguousblocksinto the samefile in
parallel.
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Figure4: Speedugor 2D and3D fieldsusingin-coremodefor 0.5° resolutioncasewith size722 x
258 x 40. 3D fields are prognosticvariablessuchas velocitiesand tracers,mostly in baroclinic
equations2D fieldsarethoseusedin solvingbarotropicequationsThe solid line indicatesheideal
speedupi.e., 100%scaling.

In thisapproachwefirst carryoutaglobalremappingf the3D distributedarrayonthe P comput-
ing processor thelatitudinal slabdecompositior{seeFigure 1) to the horizontal-slaldistribution
onthe D designated/O processoréthesd/O processorarepartof thetotal P computingprocessors
in the presenimplementationthey couldalsobe extra dedicatedorocessor$or 1/0 purposealone,
to overlapdisk I/O with computationvhenextremelyexcessie 1/0O arerequired). Oncea 3D field
is remappedo the designated/O processorsthey canbe written out ascontiguousblocksin a 1D
array which couldbedonevery efficiently in mostfile systemsn mostarchitectures.

Thedisadwantage®f thisapproachare:

¢ Dataconfigurationmustfit to the residencememorieson theseD designated/O processors.
However, thislimitationis unlikely to applyto theocearmodelingusedn decadalndcentury-
long simulations. In actualimplementationsye only needallocatethe memorybuffer for a
single3D array(whichis about5% of thetotal requiredmemory),anddo I/O for one3D array
at a time, reusethe buffer for all 3D prognosticarrays. Furthermorewe canincreaseD to
reducebuffer sizeon eachdesigned/O processors.

e RemappingD arraysrequireadditional CPU time anddemandingnter-processocommuni-
cationnetwork.Fortunatelyin mostMPP architecturessommunicatiorbandwidthis typically
10timeshigherthanl/O bandwidth,andan efficient remappingalgorithmhasbeendeveloped
andimplemented.So the remappingime is nggligible (about10%) comparedo actualdisk
accesgime.
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Figure 5: Communicatiorntime for 3D fields for in-core mode and out-of-coremodein the 0.5°
resolutioncase.

Usingthein-corecomputingmode thedataresidein thememoryin thelatitudinal-slabdecompo-
sition (seeFigurel), aremostcorvenientlyavailablefor remappingonto designated/O processors.
Thel/O modulethenrepeatghefollowing for eachprognosticvariablespneatatime: (a) remapping
the 3D arrayto the I/O processorsand(b) writing themout from 1/O processorsisingnetCDFfile
systemWe discusghesetwo stepsn somedetailnext andgive I/O performanceesults.

6.1 3D Array Remapping

A stand-alonenodulefor remappingmulti-dimensionalarray on distributed-memorycomputeris

developed[10] for usein thel/O part. It remapsary 3D arrayin thelatitudinal-slabdecompositiorto

thehorizontalslabdistributiononthe D designated/O processorgp prepardor writing to diskfile.

Themoduleusesa novel vacang trackingapproacho do in-placelocal datareshufle to the correct
indexing order, thereforeeliminatingthe needfor auxiliary arraywhich musthave the samesize of

theoriginal dataset. It combineghis with a globalblock exchangealgorithm,leadingto anin-place
global 3D arrayremappingmodule.This genericarrayremappingsoftwarecanalsobe usedin other
grids-basedlimatemodelsfor polarfiltering, spectratransformsandl/O subsystems.



6.2 Paralle netCDF

Whena 3D arrayis in the horizontal-slaldistribution, we write it out to disk file usingnetCDFfile
systemin parallel,i.e., all the D designated/O processorsvrite the distributed3D arrayto asingle
file asa 1D distributedarraywith contiguousblocks,eachblock on eachprocessor

A numberof importantissuef netCDFin parallelT3E ervironment,includingunlimiteddimen-
sion,useof SNETCDFEFFIOSPECHor I/O control,andopeninga globalfile by subsebf processors
wereresohedby NERSCstaf [11]. TheparallelnetCDFusesthe Cray FFIO systent'global” layer,
asimplecollective /0O mode.

Whenproperlysetup,all majorfunctionalitiesof netCDFin sequentiakrnvironmentalsowork in
parallelervironment.Differentprocessorsanwrite to differentpartsin thesamefile simultaneously
evenwith datablock on differentprocessorsvhereeachblock goesto discontiguougocationsin file
spacesuchasthe latitudinal slice shavn in Figurel. The datatransferratein this caseis very low,
about50-100times slower thanthe casewheredatablocks are contiguousn file space similar to
thatin thesequentiabrvironmentwe discusse@arlier Thisis oneof the mainreasonsve decideto
remappthe 3D arraybeforewriting themoutto disk.

Currently MOM3 usesa netCDFwrapperthatinterfacedetweemetCDFandapplicationcodes.
The wrapperprovidesmary usefulfunctions,but doesnot allow multiple processorso outputfile.
This forcesdataon multiple processorso be gatherednto a singleprocessoandwriting out from
there. This approacthasmemorylimitations andlow /O efficiengy. After mary experimentswith
thewrapperwe decideto bypasst in this study

6.3 Snapshot 1/0

Snapshois the critical I/O partin MOM3. It writes out major dynamic2D and 3D fields. We
implementthis partfollowing theremap-writestratgy discusse@bove.

Two modelresolutionsreinvestigatedOneis 0.25° resolutionwith problemsizesi 442 x 514 x 40
andthesnapshobutputfile size969MB. Anotheris 0.5° resolutionwith problemsize722 x 258 x 40
andsnapshofile size243MB. In productioncomputingtheseoutputsarewritten out every 1-4 wall
clock hours,dependingnthetimestepandnecessarpbsenationfrequeng.

Theresultson T3E for snapshol/O areshavnin Figure6. Thecomputingprocessorsangefrom
4t0512,andoutof them,D = 4 processorarechoserto bethedesignated/O processorsD = 4 is
chosersinceit is theminimumnumberof designategrocessorequiredfor themodelsizesexamined
in this study SmallerD would requirebuffer sizethatexceedgheavailablememory(thedesignated
I/O processorsisohold all datarequiredby a normalcomputingprocessaqrin additionto the buffer
for 1/0 purpose).

Thetotal time hereincludesthefile “open”, file “close” time, remappingime andwriting time,
sincethis representsnorerealistictiming in productionenvironment. From Figure5, the total 1/0O
time remainsconstantvith respecto total processordpr bothresolutionsindicatinggoodscalingof
thel/O stratgy. For the0.25° resolutionwith size1442 x 514 x 40 casetheremappingime reduces
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Figure6: Snapshol/O timing resultsfor two modelsizes0.25° resolutionwith 1442 x 514 x 40 and
0.5° resolutionwith 722 x 258 x 40. Shawvn arethetotal I/O time includingfile “open”, “close” and
remappingimes.

from 8.4 secon 32 processorso 6.4 secon 512 processorsshaving goodscalingof the remapping
algorithm. The puredisk accesdime shouldremainconstantbecausdhey are alwaysdonefrom
the four I/O processorandependendf total computingprocessorsThusthetotal I/O time remains
about64 secondsFor the0.5° resolutioncase snapshol/O shavsvery similar characteristicsThese
testrunsindicatethatthe remap-writestratgy is a goodscalable/O approachandit meetsthe I/O
requiremenfor thesizeof modelproblemsexpectedn thecomingyears.

6.4 MPI-I1O

Recently animplementatiorof MPI-IO becomesvailableon T3E. BecauseMPI-10 doesnot sup-
port netCDFformat, we cannotuseit directly. Instead,we experimentedvith MPI-10 on the T3E
withoutnetCDFE We foundthatMPI-10 performsreasonablé&r simplecollective I/O operationsuch
aswriting contiguousblockstypical of 1D arrays;however, for the remappingtaskrequiredin the
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oceanmodel snapshot/O, MPI-IO performsabout10 times slower than our 3D remap-and-write
implementation.

7 Concluding Remarks

In thisreport,we systematicallygxaminethel/O problemin large scalefine resolutionoceansimula-

tion with MOM3. We first identify thedifferencein dataindexing orderin memoryandin file space,
andfind thereshufle-and-writeincreasehe I/O speedoy afactorof 50. We thendevelopanin-core

computingoption so that dataare corveniently available for remappingto the final horizontal-slab
distribution for writing out. The in-core modealso speedaup the entire simulationby about40%

becauset avoidsthe datacopyingbetweemmemorywindow andramdisk. After mary experiments,
we developandimplementaremap-and-writé/O stratgy thatresohestheindexing orderdifference
andovercomegnemorylimitations. Thetestrunswith two largerealisticproblemsizesshaw thetotal

I/0 time remainsconstanfrom 8 processorsip to 512 processorsavery goodscalingproperty The

I/O approachs alsoportableto mary differentfile systemsandarchitecturebecausdt only requires
afile systemableto write 1D arraycollectiely to a singlefile in parallel.

Although this I/O work is designedor MOM3 model, much of the lessondearnedand strate-
giesdevelopedcould easily be appliedto otheroceanmodels,suchasthe Parallel OceanProgram
(POP)[G, Miami IsopycnicOceanModel (MICOM)[7], andothergrids-basealimatemodels. The
remappingnoduleandl/O moduleareavailableto public uponreques{MOMS3 codesareavailable
to public at GFDL web site). The modulescould be easilymodifiedto accommodatin@D domain
decompositionfrom thecurrentlD decompositiomn MOM3. For this purposethecodesarewritten
(in Fortran90) asa stand-alondibrary-like modulewith modularprogrammingechniques.
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